Background: Mood disorders are familial psychiatric diseases, in which patients show reduced white matter (WM) integrity. We sought to determine whether WM integrity was affected in young offspring at high-familial risk of mood disorder before they go on to develop major depressive disorder (MDD). Methods: The Bipolar Family study is a prospective longitudinal study examining young individuals (age 16-25 years) at familial risk of mood disorder on three occasions 2 years apart. This study used baseline imaging data, categorizing groups according to clinical outcome at follow-up. Diffusion tensor MRI data were acquired for 61 controls and 106 high-risk individuals, the latter divided into 78 high-risk subjects who remained well throughout the study ('high-risk well') and 28 individuals who subsequently developed MDD ('high-risk MDD'). Voxel-wise between-group comparison of fractional anisotropy (FA) based on diagnostic status was performed using tract-based spatial statistics (TBSS). Results: Compared to controls, both high-risk groups showed widespread decreases in FA (p corr < .05) at baseline. Although FA in the highrisk MDD group negatively correlated with subthreshold depressive symptoms at the time of scanning (p corr < .05), there were no statistically significant differences at p-corrected levels between the two high-risk groups. Conclusions: These results suggest that decreased FA is related to the presence of familial risk for mood disorder along with subdiagnostic symptoms at the time of scanning rather than predictive of subsequent diagnosis. Due to the difficulties performing such longitudinal prospective studies, we note, however, that this latter analysis may be underpowered due to sample size within the high-risk MDD group. Further clinical follow-up may clarify these findings.
Introduction
Bipolar disorder (BD) is a mood disorder characterized by manic or hypomanic episodes during which the mood becomes euphoric and labile (Nussbaum & American Psychiatric Association, 2013) . Depressive episodes are also common in BD during which pleasure seeking is reduced and experiences are rated as less rewarding. Many studies have sought for the structural and functional brain mechanisms of BD, in which altered connectivity has been proposed to play a key role (Sexton, Mackay, & Ebmeier, 2009; Strakowski, Delbello, & Adler, 2005) .
Fractional anisotropy (FA) is a sensitive diffusion tensor MRI (DTI) metric of white matter (WM) integrity, which estimates the degree of restriction of water molecule diffusion due to tissue organization. A recent meta-analysis of DTI studies in BD found three large clusters showing decreased FA compared with controls (Nortje, Stein, Radua, Mataix-Cols, & Horn, 2013) , with the main tracts being the inferior longitudinal and fronto-occipital fasciculi located in the temporal lobe, the cingulum, and the anterior thalamic radiations. Some studies have, however, found increases in FA in BD patients compared with healthy individuals (Versace et al., 2008; Wessa et al., 2009) , while others report no detectable difference (Houenou et al., 2007; Scherk et al., 2008) .
Previous reviews and meta-analyses of DTI studies on patients with major depressive disorder (MDD) have found reduced FA in the left superior longitudinal fasciculus (Murphy & Frodl, 2011) , the genu of the corpus callosum (Wise et al., 2016) , bilateral frontal lobe, right fusiform and right occipital lobe (Liao et al., 2013) , and frontal and temporal lobes (Sexton et al., 2009) . The majority of studies of brain abnormalities in mood disorder have mostly been conducted on adult patients with long-standing illness versus controls. It is unclear, therefore, whether brain structure may be altered before the development of the disorder and whether abnormalities are confounded by secondary effects of long-term illness or treatment, or predictive of subsequent illness.integrity reductions in unaffected relatives of BD patients (Chaddock et al., 2009; Frazier et al., 2007) . Versace et al. (2010) demonstrated age-bygroup interactions in the unaffected teenage offspring of bipolar probands. Moreover, the largest studies to date are consistent with the notion of subtle but widespread effects in relatives (Sprooten et al., 2013 (Sprooten et al., , 2016 .
The Scottish Bipolar Family study (BFS) is a prospective cohort imaging study precisely examining young individuals (16-25 years) at high-familial risk of mood disorder, along with a group of healthy controls with no family history, which aimed to investigate whether brain alterations precede and predict the later development of mood disorders (Whalley et al., 2011) .
In a previous DTI study on this sample at baseline, we reported widespread FA reductions in unaffected young relatives of BD compared to subjects without family history of psychiatric disorders. Although the effects of genetic risk were diffuse, the associations with cyclothymia were more localized to frontotemporal and prefrontal-thalamic connections (Sprooten et al., 2011) . These findings therefore suggest that WM integrity is a marker of genetic risk for mood disorder with additional behavioral association linked to the etiology of the condition.
The Young Mania Rating Scale (Young, Biggs, Ziegler, & Meyer, 1978 ; YMRS) and the Hamilton Rating Scale for Depression (Hamilton, 1960; HAM-D) are the most frequently utilized rating scales to assess manic and depressive symptoms that are the core features of BD. In the previous study (Sprooten et al., 2011) , high-risk healthy subjects for mood disorders showed significantly higher scores in both these clinical scales compared to controls, suggesting that manic and depressive subclinical symptoms could also be a potential endophenotype for BD.
Individuals in the study, by virtue of the shared genetic architect of MDD/BD, are at risk for both mood disorders. Over the course of the BFS, a number of individuals have developed one or the other, with MDD being the predominant outcome (defined as meeting formal diagnostic criteria, Diagnostic and Statistical Manual of Mental Disorder, fourth edition, DSM-IV) and in sufficient numbers as to make a prospective comparison of well versus affected individuals.
The current study presents findings for the same individuals, as acquired in the BFS, categorized into those at high-familial risk who remained asymptomatic over the course of the study ('high-risk well'), compared to those who developed a mood disorder at either of the follow-up assessments ('high-risk MDD'). We hypothesized, based on our previous study and the wider literature, that abnormalities in WM integrity assessed using DTI, in particular frontolimbic and frontothalamic connections would precede subsequent illness in initially unaffected familial high-risk individuals.
Methods and materials

Design
As stated, we aimed to determine whether WM integrity was affected in young offspring at high-familial risk of mood disorder before they go on to develop MDD.
In the light of this principal purpose, in the current analysis, we considered only imaging data collected at baseline and categorized groups according to clinical outcome at follow-up.
Participants
Participants were recruited as part of the BFS (Principal investigator A. McIntosh, U. of Edinburgh; Sprooten et al., 2011; Whalley et al., 2011) . Participants, including controls, have been followed up on three occasions 2 years apart (Whalley et al., 2015) . Only the first two occasions contained imaging assessments, the third assessment being primarily a follow-up clinical evaluation. At the first assessment, patients with a clinical diagnosis of BD I were identified from the case loads of psychiatrists across Scotland. Each patient was asked to identify members of their close family between 16 and 25 years of age and to consent to either a review of their case notes or to a structured clinical interview. The diagnosis of all affected subjects was then confirmed with the Structured Clinical Interview for DSM-IV (SCID) or the OPCRIT symptom checklist (McGuffin, Farmer, & Harvey, 1991) . After informed consent, unaffected relatives of the proband with at least one first-degree or two second-degree relatives with BD I were then invited to participate in the study.
Wherever possible, to optimize matching on key confounds, control subjects were recruited from the social networks of the high-risk subjects themselves.
All participants, controls and high-risk subjects, were interviewed by one of two experienced psychiatrists (A.M.M., J.E.S.) using the SCID (First, Spitzer, Gibbon, & Williams, 2002) to confirm the lifetime absence of any Axis I disorders at the baseline (T1) and at the fist follow-up (T2) to determine the presence of any mood disorder meeting diagnostic criteria over the intervening period. At the second follow-up (T3), diagnostic status was determined either by face-to-face assessment or through accessing clinical records at the National Health Service (NHS) to determine whether a clinical diagnosis had been made or not (Whalley et al., 2015) .
For a number of individuals (controls, n = 22; high-risk well, n = 21), it was not possible to determine the clinical status at T3; either the general practitioner (GP) did not provide details or the GP address was unknown. In the absence of further clinical information indicating that they had become unwell, and since they had remained well over the previous two assessments, these individuals were presumed to have remained well. This, however, necessitated an additional confirmatory analysis excluding these individuals, reported below (cf. Results section -TBSS Comparisons).
Manic and depressive symptoms were rated using the Young Mania Rating Scale and the Hamilton Rating Scale for Depression. Estimates of trait liability to mood disorder (cyclothymia, neuroticism, and extraversion) were measured using the TEMPS-A and NEO-FFI (Akiskal et al., 2005; McCrae & John, 1992) .
The final sample consisted of 167 individuals categorized into three groups: (a) healthy controls who remained well (n = 61; note that four control individuals developed MDD or BD at the follow-up; however, due to small group size, these individuals were not included in the current analysis); (b) familial high-risk participants who remained well throughout the study (high-risk well, n = 78); and (c) familial high-risk participants who developed a mood disorder (high-risk MDD) at any time throughout the period of study (20 by T2, a further eight by T3; high-risk MDD, n = 28; also of note is that three high-risk individuals had developed BD over the course of the study, similar to above these individuals were not included in the current analyses). Appendix S1 shows in detail the subject selection process.
Written informed consent was provided by all participants, and the study was approved by the Ethics Committee for Scotland.
Scan acquisition and preprocessing
The current study reports findings from imaging data collected at entry in the study ('baseline'). The MRI data were collected on a 1.5-T GE Signa Horizon HDX (General Electric, Milwaukee, WI) clinical scanner equipped with a self-shielding gradient set (22 mT/m maximum gradient strength) and manufacturer-supplied 'birdcage' quadrature head coil. Whole-brain DTI data were acquired for each subject with a single-shot pulsed gradient spin-echo echo-planar imaging sequence with diffusion gradients (b = 1,000 s/mm 2 ) applied in 64 noncollinear directions and seven nondiffusion-weighted (b = 0) echo-planar baseline volumes. Fifty-three 2.5-mm contiguous axial slices were acquired with a field of view of 240 9 240 mm, acquisition matrix of 96 9 96 (zero filled to 128 9 128), giving an isotropic acquisition voxel dimension of 2.5 mm. In addition, a T1-weighted volume was acquired with time of inversion = 500 ms, echo time = 4 ms, flip angle = 8°, and voxel size = 1.25 9 1.25 9 1.20 mm (192 9 192 voxels, 180 slices) .
The DTI data were converted to 4D NIfTI volumes and preprocessed with standard tools available from the FMRIB Software Library (FSL; http://www.fmrib.ox.ac.uk/fsl). This included the following processes: correction for eddy currentinduced distortions and bulk subject motion in the scanner by registering the diffusion-weighed volumes to the first T2-weighted volume within each subject; brain extraction; and calculation of diffusion tensor characteristics, including principal eigenvectors and FA values with DTIFIT.
Tract-based spatial statistics
Tract-based spatial statistics (TBSS) was carried out according to standard FSL procedures (Smith et al., 2006 ; http://www.f mrib.ox.ac.uk/fsl). First, FA volumes of all subjects were nonlinearly registered to a standard template. Second, a mean of all registered FA volumes was calculated, and a white matter 'skeleton' created. This was achieved by searching for the maximum FA values in directions perpendicular to the local tract direction in the mean FA map. A threshold of FA > 0.25 was applied to the FA skeleton to exclude predominantly nonwhite matter voxels. Third, the maximum voxel FA value perpendicular to the local direction was projected onto the skeleton at each point in all subjects. This resulted in one FA skeleton map per subject, assumed to contain the anatomically corresponding centroids of the WM structure, which we used to test for between-group differences and correlations with clinical scores.
Statisitical analyses
With the obtained TBSS skeletons, we performed two statistical tests. First, to test for between-group differences in FA, nonparametric voxel-wise t-tests were applied to the skeletons using the FSL 'randomize' function, with three regressors in the design matrix, one for each group. Second, we examined the relationship between FA and measures of depressive symptoms at the time of the scan (from HAM-D scores), manic symptoms (from the YMR scores), and measures of trait liability (cyclothymia, neuroticism, and extraversion). This was performed in 'FSL' testing separately for association in each group and interactions between groups by adding three regressors to the design matrix, each containing the scores of each subject included in each group.
Threshold-free cluster enhancement (TFCE) was applied to obtain cluster-wise statistics corrected for multiple comparisons. This method transforms local T-statistics into TFCE statistics that reflect both the size of the local effect (or 'height') and the cluster extent (Smith & Nichols, 2009 ). The major advantages are that no predefined T-threshold is required, and that TFCE is sensitive to detect both large clusters of modest effects and single voxels of large effects at the same time.
With the obtained TFCE maps, the FSL's tool for permutation inference 'randomize' then calculates a p-value (pcorrected) for each voxel, corrected for whole-brain family-wise error (FWE) rate via permutation testing (5,000 permutations). These TFCE-corrected p-maps were thresholded at pFWE < .05. We report the sizes of contiguous clusters of suprathreshold voxels. Significant results were localized to white matter tracts/structures with the Johns Hopkins University DTI-based white matter atlas and the Johns Hopkins University white matter tractography atlas (van Zijl, 2005) digitally available in FSL.
Statistical analysis of demographic and clinical data was conducted using SPSS software, version 23.0 (http://www-01. ibm.com/software/analytics/spss/). Differences between groups were tested using one-way ANOVA, Kruskal-Wallis, or chi-squared tests as appropriate.
Results
Demographic and clinical features
There were no significant differences between groups with respect to gender, age, handedness, IQ, or substance use. Scores for the YMRS, HAM-D, cyclothymic, depressive, irritability, and anxious traits as measured by the TEMPS-A scale as well as for neuroticism and agreeableness factors as measured using the NEO-FFI, differed significantly between groups (Table 1) . Post hoc analysis revealed that high-risk MDD individuals had greater scores for the YMRS and HAM-D scales versus the controls; and for cyclothymic, depressive, and irritability traits, as well as neuroticism, they differed from both the controls and high-risk well groups. Moreover, the two high-risk groups were significantly different on anxious traits and agreeableness (Table S1 ).
TBSS comparisons groups (controls, high-risk well, and high-risk MDD)
WM integrity differences between groups surviving the permutation testing are shown in Figure 1 , and Both high-risk groups, however, demonstrated significantly decreased FA in comparison with the control group. The largest WM reduction in high-risk well versus controls was in a cluster that included the posterior thalamic radiation, extending to the posterior corona radiata and the superior longitudinal fasciculus in the right hemisphere (K = 7,340, p corr = .02). Other significant differences at pcorrected levels included smaller clusters in the right superior longitudinal fasciculus (K = 53, p corr = .05), right anterior corona radiata (K = 15, p corr = .05), and the left posterior thalamic radiation and left posterior cingulum until the body of the corpus callosum (K = 839, p corr = .03; and K = 234, p corr = .05, respectively).
High-risk MDD subjects compared with controls showed a reduction in WM integrity mainly located in four large clusters in the right hemisphere. The largest cluster included the uncinate fasciculus and extended to the anterior corona radiata and inferior fronto-occipital fasciculus (K = 4,092, p corr = .03). Other clusters involved the inferior longitudinal fasciculus (K = 2,849, p corr = .04), posterior limb of internal capsule, extending to the anterior limb of internal capsule, anterior corona radiata and thalamic radiation (K = 2,190, p corr = .04), while the last one comprised posterior cingulum (k = 2,014, p = .04). Smaller clusters were also found in the splenium and the body of corpus callosum and bilaterally in the superior cortical spinal tract, in the brainstem corticospinal tract extending to the cerebellar peduncle, in the inferior and superior longitudinal fasciculi, and in fronto-occipital fasciculi.
No differences were observed that survived permutation testing comparing directly the two highrisk groups.
Removing the 22 controls and 21 high-risk well individuals who were presumed well due to Reduced fractional anisotropy at baseline in unaffected BD patients' relatives who did not develop psychiatric symptoms at follow-up ('High-risk well') compared to control subjects (top row; high-risk well < controls); and in BD patients' relatives who met the criteria for MDD ('High-risk MDD') at follow-up compared with controls (bottom row; high-risk MDD < controls). No significant differences survived correction for the comparison of high-risk well versus high-risk MDD groups. Corrected p-value < .05. Numbers correspond to clusters reported in Table 2 . For better visibility, the results are thickened with the 'tbss-fill' command. The images are display in radiological convention [Colour figure can be viewed at wileyonlinelibrary.com] unavailable follow-up clinical data at T3, we detected significantly decreased FA in both high-risk groups (ill and well) compared with controls and no differences between the high-risk groups when directly compared. We therefore confirmed the main results found including all the subjects. Figure S1 (available in supplemental material) shows significantly reduced FA in the high-risk group that we know were well at T3 (n = 57) and in the high-risk MDD both compared to control subjects well at T3 (n = 39).
TBSS correlation with clinical measures
A widespread negative association of HAM-D scores and FA values within the TBSS skeleton was found in the MDD high-risk group (Table 3 , Figure S2 available in supplemental material). The three larger significant clusters were located in (a) the body of the corpus callosum comprising the genu and the splenium (K = 6,860 voxels, p corr = .01), (b) in the right posterior thalamic radiation extending over the external capsule and the uncinate fasciculus (K = 6,441, p corr = .02), and (c) in the left inferior longitudinal and fronto-occipital fasciculi (K = 2,958, p corr = .03). We also detected smaller significant clusters located in the superior longitudinal fasciculus bilaterally and in the right side including the forceps major, the inferior fronto-occipital fasciculus, and the anterior thalamic radiation. The left cingulum and left posterior thalamic radiation were also involved (Table 3) . We did not find any association between FA and manic symptoms (from the YMR scores), cyclothymia, neuroticism, or extraversion.
Discussion
This study investigates WM integrity in a relatively large sample of young subjects at high-genetic risk of mood disorder with and without a subsequent diagnosis of MDD. The main aim of the project was to determine whether there was any distinguishing white matter microstructure features associated with the onset of subsequent mood disorder.
High-risk versus control differences
The comparison between high-risk subjects who remained well and controls and high-risk individuals who subsequently develop MDD and controls revealed FA reductions in both high-risk groups. These results confirmed our previous baseline findings where we examined the high-risk subjects as an entire group rather than subdividing based on outcome of clinical follow-up. In that study, we reported significantly reduced integrity in the major WM association pathways, extending from frontal to occipital lobes in unaffected youth with familial risk for BD when compared to healthy controls without a family history of psychiatric disorders (Sprooten et al., 2011) .
In particular, smaller FA values in posterior WM tracts such as the posterior portion of the thalamic radiation, superior longitudinal fasciculus, cingulum, and in fibers belonging to the body of the corpus callosum were detected in both high-risk groups compared with controls. High-risk individuals who developed MDD compared with controls, however, showed further reduced integrity in WM tracts located in the brainstem and anterior brain regions, such as the uncinate fasciculus, the anterior limb of the internal capsule, the anterior corona radiata and thalamic radiation, and sections of the inferior fronto-occipital and superior longitudinal fasciculi located in the middle and orbital frontal lobe.
Maturation of brain white matter pathways is an important factor in cognitive, behavioral, emotional, and motor development from childhood and adolescence to adulthood. Indeed, this development parallels significant changes in white matter structure (Pfefferbaum et al., 1994) . DTI has demonstrated significant increases in FA from childhood into adolescence and early adulthood (Ashtari et al., 2007; Snook, Plewes, & Beaulieu, 2007) , suggestive of increasing myelination, fiber-packing density, axon diameter, or fiber coherence (Beaulieu, 2002) . With increasing age, FA values were found increased in the same regions showing FA reductions in our high-risk individuals compared to controls, such as prefrontal areas (Barnea-Goraly et al., 2005) , projection tracts as corona radiata, internal capsule, and thalamic pathways (Barnea-Goraly et al., 2005; Paus et al., 1999; Peters et al., 2012) , association tracts such as fronto-occipital and inferior/superior longitudinal fasciculi (Asato, Terwilliger, Woo, & Luna, 2010; Peters et al., 2012) and interhemispheric tract such as the corpus callosum (Barnea-Goraly et al., 2005) .
This widespread development of white matter connectivity may support increases in the speed of information processing that underlie the known improvements in reaction time in cognitive control tasks that have been shown to reach adult levels by adolescence (Hale, 1990; Luna, Garver, Urban, Lazar, & Sweeney, 2004) .
The finding of protracted development in projection fibers between the prefrontal cortex and subcortical regions may underlie improvements in topdown modulation of behavior that support complex behavior such as cognitive control that continues to improve through adolescence (Demetriou, Christou, Spanoudis, & Platsidou, 2002; Luna, Padmanabhan, & O'Hearn, 2010; Luna et al., 2004) . In summary, there is evidence for a qualitatively unique state of white matter maturation in brain development that is primarily characterized by enhanced connectivity between cortical and subcortical regions known to support top-down executive control of behavior. This typical developmental trajectory may be altered in individuals with genetic susceptibility to disorders of cognition and behavior as mood disorders.
To date, few other studies have examined WM integrity in unaffected young individuals with familial risk of BD (Frazier et al., 2007; Versace et al., 2010) . Frazier et al. (2007) compared seven unaffected relatives with eight control subjects and found reduced FA in two clusters in the superior longitudinal fasciculi. Versace et al. (2010) observed that asymptomatic youth with familial risk for BD had a linear decrease between age and FA in the left corpus callosum, whereas healthy controls showed a linear increase in the same regions. Another study detected increased FA in youth having both a parent with BD and mood dysregulation compared with controls (Roybal et al., 2015) . Unaffected siblings of patients with BD, once they are adults and mostly past the typical age onset of BD (mean age of 30 years old), also showed subtle FA reduction when compared with controls, which are most apparent in the corpus callosum (Sprooten et al., 2013 (Sprooten et al., , 2016 . FA reductions were therefore observed using TBSS in siblings, mainly restricted to the corpus callosum, posterior thalamic radiations, and left superior longitudinal fasciculus (Sprooten et al., 2013) . Using tractography analysis, reduced FA was not detected in siblings compared with controls, except for a trend in the corpus callosum in the study of BD subjects reported by Sprooten et al. (2016) . Our findings support that the suggestion that alterations in WM integrity may be an endophenotype for BD and encourage future studies assessing its relationship with the onset of mood disorders.
Despite not finding formally statistically significant differences in FA when comparing directly the two high-risk groups (high-risk well vs. high-risk MDD), when we compared the high-risk MDD group with controls we found reduced FA values in the anterior fronto-thalamic connections, especially on the right side. We did not find WM disintegration in these tracts in the high-risk well compared with controls.
In vivo structural and functional imaging studies as well as postmortem investigations of adults suggest that cortical-subcortical neural circuits play an important role in the pathogenesis of depression, especially limbic-thalamic-frontal networks (Mayberg, 2003; Price & Drevets, 2010) . Structural and functional imaging data in pediatric populations, although limited, also support these models (Pine, 2002; Rosenberg, MacMaster, Mirza, & Ester, 2006) . WM abnormalities constitute one element of these dysfunctional networks (Fields, 2008; Maller et al., 2010; Sexton et al., 2009) .
A more widespread disconnection selectively involving fronto-thalamic tracts would be consistent with a temporally close MDD onset and mild subthreshold depressive symptoms; however, in our samples, these emerging differences in high-risk MDD versus controls comparison are too subtle to be detected between the two high-risk groups directly. It is important to note, nevertheless, that this analysis may be underpowered due to the relatively small sample size within the high-risk MDD group. The difficulties in conducting prospective longitudinal high-risk studies on young individuals with a family history of mental illness, particularly relating to cumulative attrition over the course of the study, should not be underestimated. Clinical longitudinal follow-up of these high-risk cohort and larger samples could clarify this point and relationships between WM integrity and the onset of mood symptoms.
Associations with symptoms
Although the 28 subjects who later developed MDD did not meet diagnostic criteria at baseline, these individuals had significantly increased levels of symptoms as measured by the clinical scales (HAM-D and YMRS) as well as greater scores for the cyclothymic, depressive traits, and neuroticism. These subclinical symptoms may indicate predictors of subsequent illness, or they could reflect the prodromal phase of a mood disorder.
In the current study, we detected in the high-risk MDD subjects a significant negative association between severity of depressive symptoms measured by the HAM-D scale and WM integrity, mainly located in the corpus callosum and in the cortical and thalamic pathways. This finding could suggest that FA levels are sensitive to behavioral changes associated with clinical measures. The largest cluster of negative association in our group was found in the corpus callosum comprising the genu, the body, and the splenium.
The relationship between severity of depressive symptoms and WM integrity has previously been reported in the corpus callosum of patients with recurrent MDD (Cole et al., 2012; Lamar, Charlton, Morris, & Markus, 2010) . Interestingly, Lamar et al. (2010) studied a sample consisting solely of euthymic patients with major depressive disorder, indicating that the relationship persists into remission.
In our sample, high-risk MDD subjects showed reduced FA levels in the body and the splenium of corpus callosum when compared with controls. As stated previously, Versace et al. (2010) found that asymptomatic youth with familial risk for BD had a linear decrease between age and FA in the corpus callosum, and other studies using TBSS have also reported WM integrity reduction in the corpus callosum in siblings of BD patients (Sprooten et al., 2013 (Sprooten et al., , 2016 , adolescents with a parental history of depression (Huang, Fan, Williamson, & Rao, 2011) , and in adolescent patients with MDD (Bessette, Nave, Caprihan, & Stevens, 2014) . Reduced volume and deformations in the corpus callosum have also been observed in MDD (Walterfang et al., 2009) , suicidal behavior (Cyprien et al., 2011) , bipolar depression (Benedetti et al., 2011) , and dysthymia (Lyoo et al., 2002) . Together, these findings suggest that impairments in corpus callosum tracts may be involved early in the etiology of depressive symptoms.
Other findings of increased severity of depressive symptoms with decreased WM integrity in the same regions that we found in the current study have been previously reported, such as the posterior thalamic radiation (Cole et al., 2012) , inferior frontal regions (Nobuhara et al., 2006) , cingulum (Keedwell et al., 2012) , superior longitudinal fasciculus, and uncinate (Dalby et al., 2010; Sprooten et al., 2016) , The varied pattern of WM tracts implicated in the literature indicates that further research is necessary to clarify the specificity of the relationship between depressive symptoms severity and brain changes and their association with functional impairments in people with depressive symptoms.
Limitations
First, the early diagnosis of MDD in a young group of individuals at risk of BD may herald the onset of BD (Hillegers et al., 2005) , where often the first episode is depressive (Duffy, 2010; Hillegers et al., 2005) . Moreover, the high-risk subjects who subsequently became ill had higher clinical scores than controls at baseline. It is difficult therefore to dissociate neural markers underlying genetic risk for the disease trait from those co-occurring with the development of MDD symptoms and indeed the two may be inherently related. Continued clinical longitudinal followup of the sample will ultimately contribute to a better understanding of prodromal phases of illness and associated disease pathways.
Furthermore, genetic liability is not the only viable explanation of the findings. Shared environmental risk factors could also contribute to neural differences in high-risk populations. For example, poverty, exposure to violence, or chronic stress could also contribute to shared neural changes.
We did not find significant different changes between high-risk groups, but it is important to note that this analysis may be underpowered due to the relatively small sample size within the high-risk MDD group.
Considering the mean FA of each subjects and a p value = .05, we obtained a statistical power = .69 when comparing the 28 high-risk MDD subjects with the 78 high-risk well individuals. The reduced sample size is unfortunately a reality in research in relatives of populations with mood disorders because of the difficulties in conducting prospective longitudinal high-risk studies on young individuals with a family history of mental illness. Larger samples are therefore always sought after to confirm and better understand subtle WM changes before the onset of mood disorder in high-genetic risk people.
Finally, although DTI is currently our best tool for estimating WM integrity, DTI results should be interpreted with caution because of the limitations of this in vivo technique: crossing fibers may occur within the region measured, and the resolution does not allow for a physiological interpretation at the cellular level. Thus, a lower FA measurement is not necessarily always synonymous for 'lower connectivity'.
Conclusions
Using DTI, we report altered microstructure within specific WM tracts in youth with high risk for mood disorders that will or will not develop MDD. Although we did not find a different pattern of FA reduction in high-risk individuals who subsequently met MDD criteria compared with those who remained well, these findings provide evidence for an association between subthreshold depressive symptoms and WM integrity. These FA reductions therefore may reflect subtle differences in current mood state (at baseline) rather than predictors of future state.
Further follow-up studies will allow us to identify other individuals in the high-risk group who develop mood disorders and who remain healthy in order to clarify the early phases of mood disorder pathways.
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Additional Supporting Information may be found in the online version of this article: Appendix S1. Flow chart for inclusion of subjects. Figure S1 . Significant reduced FA in the high risk that we know were well at T3 (n = 57) and in the high-risk MDD both compared to control subjects well at T3 (n = 39). Figure S2 . Axial (A) and sagittal (B) view of negative correlation between FA values and scores obtained by the Hamilton scale of depression in high-risk MDD subjects. 
